CBF has been measured with the hydrogen clearance technique in the two cerebral hemispheres of the gerbil under halothane anaesthesia. This has been correlated with changes in local pH, tissue lactate, and phosphorus energy metabolites measured in the same an imals with lH and 31p nuclear magnetic resonance spec troscopy. We demonstrate a threshold flow value for the Abbreviations used: NMR, nuclear magnetic resonance; per, phosphocreatine.
The metabolic changes that are associated with reduced CBF have been extensively studied by many workers (Siesj6, 1978) . When the flow falls sufficiently, there is a decline in high-energy phos phates, an increase in inorganic phosphate (P), an increase in lactate, and a decline in pH, and the time courses of these changes in acute ischaemia have been well documented in a number of animal models. However, much remains to be learned about the precise relationship between flow, energy consumption, and metabolic state. For example, can we define a critical threshold value of flow at which the energy status of the brain tissue becomes impaired, and how does this relate to thresholds for brain function? The results of Eklof and Siesj6 (1972) suggested that in the rat CBF must be re duced to below �45% of its control value before the cerebral energy state is affected significantly, and Marshall et aI. (1975) observed changes in phosphocreatine (P Cr), ATP, and lactate when flow in the rabbit brain was reduced to 35-40% of its normal value. More detailed measurements of the relationship between flow and tissue energy state have been hampered by the difficulty in making concurrent measurements of flow and metabolic state in vivo in a single animal as a function of time.
In a previous article (Gadian et aI., 1987) , we have described methodology whereby nuclear mag netic resonance (NMR) spectra and CBF (using the hydrogen clearance technique) can be measured concurrently and repeatedly in experimental an imals. Using the gerbil, which has an incomplete circle of Willis, it is possible to produce unilateral ischaemia of varying severity, with little or no change in the contralateral hemisphere (Crockard et al., 1980) . Bilateral carotid occlusion produces profound homogeneous hemispheric cortical isch-aemia (Avery et aI., 1984) . This model therefore permits evaluation of a wide range of degrees of hypoperfusion. We have also been able to demon strate that the configuration of NMR coils and flow electrodes allows independent collection of meta bolic and perfusion data from each hemisphere. The opportunity therefore exists to correlate re gional flow with regional energy status under con trol and hypoperfused conditions as a function of time. While the relative spatial resolutions of the two methods differ, there is evidence that in this model there is sufficient homogeneity of cortical perfusion in the anterior circulation territory before and during ischaemia to justify comparison of the NMR and hydrogen flow results (Avery et aI., 1984; Gadian et aI., 1987) .
That flow and electrical activity are intimately linked is well documented. Branston et ai. (1974) demonstrated in the baboon a threshold relation ship between somatosensory evoked potentials and regional CBF. Further work (Astrup et aI., 1977) re vealed massive potassium efflux into the extracel lular fluid at a CBF threshold that was significantly lower than that for loss of electrical activity. We have demonstrated (Crockard et aI., 1980) that ac cumulation of water in the gerbil brain following ca rotid occlusion develops at flow levels below 20 ml 100 g-l min -1 (which is similar to the higher of the above thresholds), and becomes maximal at 7 ml 100 g-l min -1, corresponding to the lower threshold associated with the potassium efflux. Loss of electrical activity and the massive potas sium efflux are presumably linked to cerebral en ergy failure (possibly in different compartments), which is characterized by rapid depletion of the PCr and ATP pools, formation of lactate from glu cose, and resultant brain tissue acidosis (Lowry et aI., 1964; Ljunggren et aI., 1974) .
In this article, we explore the relationship be tween flow and energy metabolism in the gerbil brain before and during ischaemia of varying se verity. We demonstrate a threshold flow value for the metabolic changes associated with energy failure at a level similar to those previously re ported for electrical failure and tissue water accu mulation, but above that associated with break down of extracellular potassium homeostasis.
MATERIALS AND METHODS
The procedures for obtaining NMR spectra and mea suring flow in the gerbil have been described previously . Here we describe in detail the methods whereby we determine metabolite levels and in tracellular pH from the NMR spectra, but discuss rela tively briefly the other aspects of the methodology.
Anaesthesia was induced and maintained with a halo thane/oxygen mixture in spontaneously breathing adult male gerbils (Meriones unguiculatus, weighing between 60 and 80 g). Heart and respiratory rates were monitored throughout all experiments, together with rectal tempera ture, which was maintained between 36 and 37.5°C. The animals were prepared for unilateral or bilateral carotid occlusion by isolating the common carotid arteries from the vagus nerves and ligating the external carotid ar teries.
NMR spectroscopy was performed as described pre viously on a Bruker AM-360 spectrometer, using a ver tical 8.5-T magnet and a purpose-built probe of outer di ameter 7. 3 cm. Independent monitoring of the two sides of the brain was accomplished using an arrangement of two surface coils, each with dimensions 5 x 7 mm and doubly tuned to the IH and 31p frequencies of 360 and 145.7 MHz, respectively. Interaction between the two coils was suppressed by switching an additional capacitor into the "nonobserve" circuit to detune it completely. CBF was measured by hydrogen clearance, using the initial slope technique as described previously (Gadian et aI., 1987) . One hydrogen electrode on each side was sited in the parietal region at the centre of each coil. The second pair of electrodes was placed immediately ante rior to the anterior rim of the two coils. The parietal elec trodes sampled central regions within the volumes de tected by each coil, permitting correlations of CBF mea surements with the NMR observations. Comparison of the parietal and anterior flow measurements provided a check on the homogeneity of cortical perfusion.
After collection of control NMR and flow data, the left carotid artery was occluded with a Sugita clip, and data were collected after a delay of -5 min. This period was necessary for positioning the NMR probe in the magnet and for electrode stabilization and adjustment of the mag netic field homogeneity. For those animals in which uni lateral occlusion caused a change in the relative sizes of the metabolite signals, the occlusion was maintained for 1 h (except for one animal, data from which are shown in Fig. 5 , when occlusion was maintained for 2 h 45 min). The clip was then removed and the effects of recircula tion studied. For those animals in which unilateral occlu sion produced no significant change in the relative sizes of the signals, the second carotid was occluded for 30 min, after which both clips were removed. Flow and NMR measurements were made throughout the period of occlusion and for up to 3 h during reperfusion. Data on the changes in reperfusion will be presented in a subse quent report.
For the 31p spectra, pulses were applied every 600 ms, and typically 250-1,000 scans were accumulated. IH spectra were accumulated using two interleaved pulse se quences:
with T = 400 fLs, ,. = 68 ms, and the water signal on resonance. As described previously (Williams et aI. , 1986) , the addition of A and B provides a simple method of monitoring the lactate signal at 1.32 ppm while sup-pressing the water and fat signals (as well as the N-acetyl aspartate signal at 2. 01 ppm). Discrimination between the lactate and fat signals is particularly important in view of the possible increase in free fatty acids during ischaemia (Rehncrona et aI. , 1982) . Typically, 64-128 scans were accumulated at intervals of 1. 9 s. For some animals, ad ditional IH and 31p spectra were accumulated with pulse intervals of 10 s to determine saturation factors, as dis cussed below.
Concentration measurements
Relative concentrations of the different 31p metabolites can be determined from the relative areas of their respec tive signals provided that corrections are made for the effects of saturation and resolution enhancement of the spectra. The convolution difference technique that was used to reduce the broad underlying signal from bone and phospholipids employed line broadenings of 35 and 1,000 Hz, respectively, and did not significantly affect the rela tive areas of the metabolite signals. Saturation factors were determined by comparing signal intensities using pulse intervals of 600 ms and 10 s, and the factors for Pi, PCr, and the �-phosphate of ATP were 2.0, 2. 0, and 1.2, respectively. Therefore, the concentration ratios P/PCr and P/PCr + Pi can be determined directly from the rela tive areas of the signals, and the concentration ratio PCrl ATP was determined by multiplying the ratio of signal areas by 1. 7. The peak at -16. 1 ppm from the �-phos phate of ATP was used in the analysis, as the other two signals at -2. 5 and -7. 5 ppm contain possible contribu tions from ADP and, in the case of the -7.5-ppm peak, from NAD and NADH.
To determine relative concentrations of metabolites from the IH spectra, additional corrections need to be made for (a) the effects of spin-spin relaxation during the echo delay period, (b) the frequency dependence of the IH pulse sequences, and (c) loss of lactate intensity in sequence A due to the nonuniform radiofrequency field of the surface coil. In the present studies, we used the N-acetyl aspartate signal at 2. 01 ppm as a concentration standard to deduce the concentration of lactate. Satura tion factors for the N-acetyl aspartate and lactate signals at 2.01 and 1. 32 ppm, respectively, were determined by comparing signal intensities with pulse intervals of 1. 9 and 10 s, and they were similar (� 1.5) for the two signals. Tz values were also similar (� 150 ms) for the two signals.
The frequency dependence of sequence A was such that the N-acetyl aspartate signal was not significantly re duced relative to the lactate. The resolution enhancement procedure affects the two signals equally, provided that the two signals have similar linewidths. This was gener ally the case, as the observed linewidth was limited by the field homogeneity, which is the same for the two compounds. From experiments in which there was little interference from fats, the lactate intensity with sequence A was reduced by 50% relative to sequence B, presum ably because complete inversion of the lactate signal with sequence A will occur only with perfect 1800 refocusing pulses. On the basis of all of these factors, the concentra tion ratio lactatelN-acetyl aspartate is equal to the peak height of the lactate signal in the summed A + B spectra, divided by 1. 5 times the peak height of the N-acetyl aspartate signal in sequence A.
The concentrations of N-acetyl aspartate (and of cre atine + PCr) were determined from NMR analysis of five brain extracts. Anaesthetized animals were killed by de- Vol. 7, No.4, 1987 capitation, and the whole brain quickly dissected out and weighed. The brain was then homogenized in 2. 5 ml ice cold 12% perchloric acid in a motor-driven homogenizer. The sample was centrifuged for 10 min in a bench-top centrifuge at 4,000 g to precipitate macromolecules and connective tissue. The supernatant was neutralized with saturated potassium bicarbonate, and the precipitated po tassium perchlorate removed by further centrifugation. The final supernatant was weighed and then clarified by filtration through 0.22-lLm filters.
Intracellular pH
Intracellular pH was measured from the chemical shift difference (J' between the 31p signals of Pi and PCr using the titration curve (Taylor et aI. , 1983) :
This is similar to the calibration curve published by Pe troff et al. (1985) for their brain studies. When PCr was not detectable, the IH signals provided adequate refer ence frequencies (Ackerman et aI. , 1981) .
RESULTS

Control
Typical I H and 31p spectra obtained in vivo be fore, during, and following occlusion were shown in our methodology report (Gadian et aI., 1987) . From the 31p spectra obtained with the normal pulse repe tition rate of 600 ms, the PCr/ATP intensity ratio under control conditions, i.e., before occlusion, was 1.05 ± 0.20 (SD, n = 19); taking into account the saturation factors of 2.0 and 1.2, the concentra tion ratio PCrl ATP was therefore 1. 75. The relative concentrations of Pi and PCr are conveniently ex pressed by the ratio P/P Cr + Pi' which was 0.27 ± 0.06 (n = 16), and the intracellular pH was 7.12 ± 0.09 (n = 16).
From the I H spectra recorded in vivo, the lac tatelN-acetyl aspartate concentration ratio was 0.33 ± 0.14 (n = 13). By NMR analysis of brain ex tracts, N -acety I aspartate was measured to be 5.7 ± 1.0 mmollkg wet wt (n = 5), and the sum of creatine + PCr was 7.8 ± 2.3 mmollkg wet wt. These values are very similar to data previously obtained from mice (Gadian et aI., 1986 ). If we as sume that the N-acetyl aspartate concentration does not change during any part of the extraction procedure (the in vivo studies give no evidence for any significant changes in this compound during ischaemia), then the concentration of lactate under control conditions is calculated to be 1.9 mmollkg wet wt.
Control blood flow in the animals was 44.5 ± 10.1 ml 100 g-I min -I (n = 32), ranging from 26 to 83 ml 100 g -1 min -I . + Pi (Fig. 1) , to intracellular pH (Fig. 2) , and to the lactatelN-acetyl asparate ratio (Fig. 3) .
Unilateral and bilateral occlusion
The reduction in flow following unilateral occlu sion was, as expected, variable, and we were able to exploit this to correlate metabolic state with flow over a range of flow rates. Figure 4 shows 31p spectra obtained from one animal in which flow on the ipsilateral side fell to 20 ml 100 g -I min -I, and Fig. 5 shows 31p spectra from another animal for which flow fell to 9 ml 100 g-I min -I . The dramatic differences between the two spectra of Fig sion (Gadian et aI., 1987 ) that each of the pair of coils does not detect significant metabolite signal from the contralateral hemisphere. Therefore, when per and ATP signals are observed with the coil covering the occluded hemisphere, they do in deed originate from that hemisphere, and do not represent "contamination" from the contralateral hemisphere.
The data obtained during unilateral occlusion are summarized by the triangles in Figs. 1-3 , which show P iper + Pi' pH, and lactatelN-acetyl aspar tate as a function of flow. The filled circles in these figures represent data obtained during bilateral oc clusion. The data were mostly obtained 15-20 min following occlusion, but the precise timing was not crucial as almost all the observed changes had taken place by the time the first data points were obtained 5 min after occlusion.
Unilateral occlusion generated metabolic changes in six experiments, only five of which are represented in Figs. 1-3 as flow was not recorded in one of the studies. The ATP signal in all but one of these experiments remained detectable (as in Fig. 4 ), but declined in unison with the per signal, so that the perl ATP ratio remained close to its con trol value. For example, the ATP declined from its control value by 20-30% when the flow fell to 20 ml 100 g -I min -], and by � 50% when flow in uni lateral occlusion fell to 10 milOO g-I min-I . When ever the flow fell below 10 ml 100 g -] min -], we were unable to detect ATP, but in this respect it is important to note that if the ATP falls by much more than 50%, detection of the signal above the background noise becomes very difficult. Figures 1-3 summarize the data we have ob tained before and during occlusion. Figure 1 shows that there is no detectable change in high-energy phosphates while the flow rate is �25 ml 100 g-I min -I ; changes occurred only if the flow fell to �20 ml 100 g-I min -I . Additionally, the pH declines abruptly by -0.6 pH unit at the flow rate of 20 ml 100 g -1 min -I , with little change thereafter at lower flow rates (Fig. 2) , and the threshold flow at which lactate accumulates ( Fig. 3) and pH declines is the same as that for the decline of high-energy phos phates.
The correlation between pH and the lactatelN acetyl aspartate ratio for flow rates of �20 ml 100 g-I min -I is shown in Fig. 6 . One additional data point is used to represent the average lactatelN acetyl aspartate and pH values measured under control conditions. The scatter in these data may reflect in part some variability in the concentration of N-acetyl aspartate, while flow and any effects of tissue heterogeneity are additional variables that may affect the relationship between lactate and pH.
DISCUSSION
Metabolite concentrations
Provided that appropriate controls are performed (see Materials and Methods), the relative concen- trations of metabolites can be determined from the relative areas of their respective NMR signals. As exemplified by the studies described here, the mea surement of relative (rather than absolute) concen trations usually provides a sufficient basis for inter pretation, particularly if additional information about metabolite levels is available from extract studies.
Our NMR observations agree well with previous concentration measurements using invasive tech- niques. Under control conditions, we measure a PCrl ATP ratio of 1. 75, which is consistent with pre vious measurements for PCr and ATP, e.g., of 4.41 and 2.66 mmollkg wet wt, respectively, in the gerbil brain (Levy and Duffy, 1975) , and 4.62 and 2.95 mmollkg wet wt, respectively, in the rat (Rehn crona et aI., 1981) . The measured lactate concen tration of 1.9 mmol/kg wet wt is somewhat higher than the value of 1.13 mmollkg wet wt obtained by Levy and Duffy (1975) , but we may slightly overes timate the control lactate because of a small contri bution to the signal from alanine. In profound isch aemia, the high-energy phosphates are depleted rapidly, and lactate accumulates to a value of � 11 mmol/kg wet wt (from Fig. 3 , taking the concentra tion of N-acetyl aspartate to be 5.7 mmol/kg wet wt). The rapidity and extent of these metabolic changes agree well with previous data, e.g., of Ljunggren et al. (1974) in their studies of the rat brain and of Kobayashi et al. (1977) in their gerbil studies.
NMR measurements of intracellular pH
The measurement of pH by 31p NMR relies on the observation that the chemical shift of the Pi signal is sensitive to pH changes in the region of neutrality (Pi has a pKa of 6.75), whereas PCr (be cause of its low pKa value of 4.6) is insensitive to pH changes in the physiological range. Therefore, by comparing the in vivo data with a calibration curve obtained in an appropriate solution in vitro, the chemical shift difference between the Pi and PCr signals gives a measure of pH (see, e.g., Ga dian, 1983) .
For tissue studies, the question arises as to whether the measured pH is of the intra-or extra cellular space, and if intracellular whether it is cy toplasmic or mitochondrial. It is generally accepted that the measured pH is that of the cytoplasm, for the following reasons: (a) Since the Pi signal pro vides the pH indicator, the measured pH is of the region from which the Pi signal is detected. If one considers the relative volumes of the intra-and ex tracellular spaces and the relative Pi concentrations in these spaces, it is readily apparent that the large majority of the Pi signal will be from the intracel lular space. (b) For similar reasons, it is reasonable to assume that the intracellular signal will reflect primarily the cytoplasm rather than the mitochon dria. The validity of this assumption is backed up by several additional observations. First, in studies of hearts perfused with 2-deoxyglucose, it was shown that over a wide range of pH values, the pH was the same whether measured by Pi or by the 2-deoxyglucose-6-phosphate that was generated. Since the 2-deoxyglucose-6-phosphate is cyto plasmic, the Pi signal must reflect the cytoplasmic pH (Bailey et aI., 1981) . Second, it is still unclear to what extent mitochondrial phosphates are NMR visible (see Freeman et aI., 1983; lIes et aI., 1985) , although in some studies of the rat heart, a small second contribution to the Pi signal was assigned to the mitochondria (Garlick et aI., 1983) . Third, where comparisons are available, intracellular pH measurements made by NMR are normally in good agreement with those obtained using other tech niques. Examples include the NMR measurements of 7.03 for human muscle (Taylor et aI., 1983) , 7.11 for rat hearts (Grove et aI., 1980) , and the present studies, where the intracellular pH of 7.12 agrees closely with values previously obtained in various animal species (see Roos and Boron, 1981) .
The validity of the NMR method as a monitor of cytoplasmic pH has thus been established by a va riety of studies, and it is commonly accepted that intracellular pH measurements will generally be ac curate in absolute terms to within 0.1 pH unit, and that relative changes in pH can often be measured to within 0.05 pH unit or better (see, e.g., Gadian, 1983) .
Does NMR detect tissue heterogeneity?
In interpreting the pH values that are measured by NMR, another factor that needs to be consid ered is tissue heterogeneity. In the present studies, this may be a particular problem during and fol lowing a period of hypoperfusion. If the region under observation is homogeneous with respect to its pH and metabolic state, then the measured pH will reflect the cytoplasmic pH of this homoge neous population of cells. However, if some cells maintain their control pH value and metabolic state under conditions of reduced flow, while others un dergo a decline in pH and increase in Pi' then the observed Pi signal, and hence measured pH value, will reflect primarily this latter population of cells; the Pi signal from the relatively healthy cells may be too small to make a detectable contribution to the spectrum. Therefore, one interpretation of the spectrum of Fig. 4 (left) (flow of 20 ml 100 g-I min -I ) is that the whole of the observed region has an elevated Pi signal and a pH of 6.66. An alterna tive interpretation is that some of the cells have high Pi and low PCr and ATP with a pH of 6.66, while other cells are healthy and have a normal pH but insufficient Pi to contribute significantly to the observed spectrum. Although we cannot, on the basis of our results so far, distinguish conclusively between these alternatives, we favour the latter in terpretation, involving a heterogeneous population of cells, for the following reasons:
First, the abrupt decline in measured pH at �20 ml 100 g-I min -I with a rather less abrupt decline in high-energy phosphates is consistent with a grad ually increasing ratio of low-energy-state to high energy-state cells, where low-energy-state cells have a pH of �6.5-6.6 and high-energy-state cells have a normal pH of � 7.1. Second, the fact that during unilateral occlusion PCr and ATP decline in unison is also consistent with this model. This latter observation is less consistent with a model based on a homogeneous population of cells. In that case, one would expect PCr to buffer the ATP level via the creatine kinase reaction, so that the PCr would decline prior to the ATP. On the basis of their mea surements of creatine kinase activity in the rat brain in vivo, Shoubridge et al. (1982) have pre viously argued via similar reasoning in favour of cellular heterogeneity with respect to energy re quirements. In our studies, the precise nature of any heterogeneity remains to be evaluated; the re sults that we have obtained in unilateral occlusion could in principle be attributed to small variations in local flow or in the energy requirements of dif ferent cells.
Tissue heterogeneity will also influence the rela tionship between intracellular pH and lactate (Fig.  6) , for as an increasing number of cells undergoes energy failure, the measured pH may stay the same whereas total lactate will increase. In profound ischaemia, i.e., at flow levels of <5 ml 100 g-I min -I , when essentially all the high-energy phos phate signals disappear from the spectra, the intra cellular pH declines by �0.6 pH unit to 6.5, which is within the range of values previously measured in the ischaemic rat brain (see von Hanwehr et aI., 1986) .
Thresholds
In the present study, we find an abrupt change in metabolic state when the flow falls to �20 ml 100 g-I min -I . PCr and ATP decline, Pi rises, lactate accumulates, and there is a fall in intracellular pH. This level of flow is similar to the threshold at which, in a variety of species, electrical activity ceases (Branston et aI., 1974; Waltz, 1979) . Our re sults therefore provide evidence suggesting that the threshold for electrical function is a direct conse quence of energy failure. Similar conclusions have been reached from positron emission tomography studies of CBF and oxygen consumption in which it has been observed that true ischaemia supervenes J Cereb Blood Flow Metab, Vol. 7, No.4, 1987 when oxygen extraction becomes maximal, i.e., when metabolism becomes limited by and depen dent on substrate supply (Wise et aI., 1983) . Mean normal CBF and oxygen extraction values of 45 ml 100 g -I min -I and 40%, respectively, have been re ported (Lenzi et aI., 1981; Lammertsma et al., 1983) , and therefore if we assume that 100% oxygen extraction is possible, we can conclude that mainte nance of oxygen consumption can be achieved in the face of progressive hypoperfusion to a value of 18 ml 100 g -I min -I . All the evidence points to a dependence of neuronal function on maintenance of high-energy phosphates, which becomes exqui sitely sensitive to flow at levels of �20 ml 100 g-I min -I .
The threshold of 20 ml 100 g -I min -I for energy failure is also similar to the flow level at which water accumulates in the gerbil (Crockard et aI., 1980) and in the baboon (Symon et aI., 1979) . In addition, earlier NMR studies have shown a corre lation between abnormality of spectra and the pres ence of oedema in the gerbil brain (Thulborn et al., 1982) . Again, it is probable that the water accumu lation is a consequence of the energy failure.
An additional conclusion arising from our obser vations is that the lower threshold of CBF « 10 ml 100 g -I min -I ) associated with a massive increase in extracellular K + concentration may be one for glial rather than neuronal function. Continuing electrical activity depends on the capacity to main tain neuronal/axonal membrane potentials, which in turn depends on AT P-dependent ion pumps. The loss of electrical function, together with the ob served energy failure, is not associated with major ionic changes in the extracellular fluid, possibly in dicating that the extracellular ionic milieu is being maintained in the face of ionic leakage from neurones by sequestration into another, probably glial compartment. This function is finally compro mised at the lower flow threshold, and changes in extracellular K + concentration suddenly occur. This explanation would first explain the abrupt na ture of the lower threshold and also the fact that the threshold for energy and functional failure differs from that for K + homeostasis.
It seems likely that the threshold values for flow are dependent on the local metabolic requirements. Thus, if neurones are globally or focally stimulated, exhibiting higher firing rates, then the enhanced metabolic requirements may result in an elevated flow threshold. In relation to this, the gerbils were studied under light anaesthesia and were not ob served to show epileptic activity; during epileptic activity the threshold may be elevated. It is con-ceivable also that the focal distribution of ischaemic damage seen late after an ischaemic insult, for ex ample, in the CAl neurones of the hippocampus in the rat (P ulsinelli et aI., 1982) , is a result of hetero geneity of postischaemic neuronal activity. Thus, some regions would have baseline energy require ments met even at the prevailing degree of hypo perfusion, while others might be activated and therefore outstrip the energy supply and become compromised with accumulation of lactate, fall of pH and high-energy phosphates, and resultant cell death. Such a hypothesis has the merits of ex plaining patchy and selective, early and late neu ronal distribution in terms of ischaemia, i.e., limita tion of energy substrate supply without the neces sity of invoking other mechanisms. Clearly, such reasoning remains hypothetical at present, but in our view it is given impetus by our demonstration of the equivalence of functional and metabolic thresholds in cerebral ischaemia.
